Effect of pulse column variables on bubble diameter by Graham, Harold LaVerne
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1960
Effect of pulse column variables on bubble
diameter
Harold LaVerne Graham
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Chemical Engineering Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Graham, Harold LaVerne, "Effect of pulse column variables on bubble diameter " (1960). Retrospective Theses and Dissertations. 2760.
https://lib.dr.iastate.edu/rtd/2760
This dissertation 
has been microfilmed 
exactly as received Mic 60-4895 
GRAHAM, Harold LaVerne. EFFECT OF 
PULSE COLUMN VARIABLES ON BUBBLE 
DIAMETER. 
Iowa State University of Science and Technology 
Ph.D., 1960 
Engineering, chemical 
University Microfilms, Inc., Ann Arbor, Michigan 
EFFECT OF PULSE COLUMN VARIABLES 
ON BUBBLE DIAMETER 
by 
Harold LaVeme Graham 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of 
The Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Major Subject: Chemical Engineering 
Approved: 
In Charge of Ma^ or Work 
Head of Major Department 
Iowa State University 
Of Science and Technology 
Ames, Iowa 
I960 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
il 
TABLE OF CONTENTS 
Page 
ABSTRACT ill 
INTRODUCTION 1 
INVESTIGATION 14 
Equipment 14 
Concentration Measurement 1? 
Holdup Measurement 19 
Bubble Measurement 22 
Flow Techniques 26 
Pulse Characteristics Measurement 2? 
SCOPE OF THE INVESTIGATION 29 
RESULTS 34 
Bubble Size at Incipient Flooding 34 
Bubble Size under Recycle Conditions 4l 
DISCUSSION OF RESULTS 57 
CONCLUSIONS AND RECOMMENDATIONS 6l 
ACKNOWLEDGMENTS 64 
LITERATURE CITED 65 
APPENDIX 67 
Method of Bubble Size Correlation 83 
Bubble Size Calculations 88 
Bubble Formation Time Calculations 90 
Plate Spacing Calculations 92 
Calculation of the Time Required for a Bubble to 
Reach Terminal Velocity 95 
ill 
ABSTRACT 
A study was made to determine the effect of plate spac­
ing, perforation diameter, pulse frequency, pulse amplitude, 
and the physical characteristics of the liquid system on 
bubble size in pulse columns. Systems of hexone-acetlc acid-
water, benzene-water, and n-heptane-water were investigated. 
A 3-inch diameter pulse column was used. Single plate runs 
were employed to simulate operation at the lower flooding 
point. Plate spacings of 2, 3, and 4 inches were used for 
all measurements when the operating conditions were between 
the lower and upper flooding points. The data were taken on 
plates with perforation diameters of 0.033, 0.0625, and 0.1LJ 
inches. All measurements of bubble size were made from pho­
tographs taken under actual operating conditions. 
The general results were as follows : 
1. Effect of pulse column variables on bubble size at 
incipient flooding. 
A. Bubble size increases with an increase in the 
pulse amplitude. 
B. Bubble size increases with an increase in the 
pulse frequency. 
C. Bubble size increases with an increase in perfo­
ration diameter. 
D. Bubble size increases with an increase in Reynolds 
number. 
2. Effect of pulse column variables on bubble size under 
iv 
recycle conditions. 
A. Bubble size decreases with an increase in pulse 
amplitude. 
B. Fewer irregularities in bubble size are observed 
at higher flow rates. 
C. Bubble size increases with an increase in perfo­
ration diameter. 
D. Bubble size decreases with an increase in pulse 
frequency, with the exception of a few irregular­
ities at low flow rates. 
3. Bubble size can have a desirable effect on the ex­
traction rate. 
A method of calculation was proposed to set the physical 
size of a pulse column. This calculation method was based 
on the following assumptions : 
1. The plates are composed of some material that is 
preferentially wet by the continuous phase rather 
than the discontinuous phase. 
2. The column is operating in the mixer-settler region. 
3. An equal volume of liquid flows through each perfo­
ration. 
1 
INTRODUCTION 
The past quarter century has seen many advances in the 
field of physical and chemical separation. In this period 
of time probably no other method has grown faster, been stud­
ied more, or applied to more fields than has liquid-liquid 
extraction. In existing literature there are found almost as 
many different types of extractors as there are applications. 
These extractors may be divided naturally into two broad 
catagories: unagitated and mechanically agitated types. The 
unagitated extractors are usually spray columns, packed col­
umns, or perforated-plate columns. Historically this type is 
the oldest. It has been discovered, however, that by adding 
some type of mechanical agitation to these conventional ex­
tractors it is possible to increase the amount of extraction 
in a given column, if all other factors remain constant. 
This agitation has been supplied by turbines, propellers, 
rotating and oscillating discs, pulse generators, and other 
ingenious devices. All of these have been investigated to 
some extent and many of them have found extensive industrial 
applications. 
The sieve-plate pulse column was first introduced by 
Van Dijck (1?) in 1935. He originally recommended that the 
plates in the column be pulsed but noted that it would be 
possible to achieve the same effect by mechanical pulsation 
of the fluid. The latter mode of operation is the one in 
most general use today. A schematic representation of this 
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operational method is presented in Figure 1. The column is 
filled with the heavy phase from the top, then the light 
phase is introduced into the bottom of the column where it 
rises and collects beneath the lowest plate during the time 
that the bellows is on the suction portion of the stroke. 
When the bellows reverses direction and goes into the com­
pression cycle the light phase is forced through the lowest 
plate, from which it rises and collects under the plate imme­
diately above the lowest one. This cyclic operation contin­
ues with the heavy phase being drawn down by each suction or 
downstroke and the light phase forced up by the compression 
or upstroke. 
Although Van Dljck introduced the pulse column with 
perforated plates, the first general interest was aroused 
when a pulse was applied to a packed column used to process 
uranium (15). In this case the use of pulsation doubled the 
efficiency of the packed column. This illustration of the 
effectiveness of the pulse in making possible the reduction 
of extractor size led to many other applications. 
The pulse column has been studied from a theoretical and 
experimental point of view. Sege and Woodfield (15) observed 
that the pulse column operating characteristics are related 
through the light and heavy phase flow rate and the pulse 
volume velocity. The pulse volume velocity is defined as the 
product of the pulse amplitude, the cross-sectional area of 
the column, and the pulse frequency. They divided pulse 
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Figure 1. Diagram of pulse column 
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column operation into five regions as illustrated in Figure 2. 
a) A region of flooding due to Insufficient pulsa­
tion. 
b) A region of mixer-settler operation, character­
ized by high stability of operation, large drop 
size, almost complete coalescence and separa­
tion of the phases between strokes. 
c) A region of near emulsion operation, character­
ised by high holdup of the dispersed phase, 
uniform drop size, and usually good extraction. 
d) A region of instability due to operation near 
the upper flooding point and characterized by 
local flooding and poor phase dispersion. 
e) A region of flooding due to excessive pulsation. 
Regions a, d, and e are of no practical use in the extraction 
operation. There is no sharp line of distinction between the 
two useful regions b and c. Most of the investigators in the 
pulse column field have concentrated on the high energy input 
(near emulsion) region. In many cases this is the most effi­
cient region for operation. There are many inseparable 
forces at work in this region and for the most part there is 
only a meager amount of design information. 
Li and Newton (10) made a study of the pulse column 
using the benzoic acid-toluene-water system and related the 
degree of extraction to the Reynolds number through the 
plates. This Reynolds number was calculated using the 
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Figure 2. Operating characteristics of a pulse column 
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density and viscosity of a liquid mixture containing a per­
centage of toluene which was the average analysis of the 
holdup of all runs. Li noted that the extraction coefficients 
/ 
were not affected by the Individual values of the frequency 
and the amplitude of the pulsations, but by the product of 
the two. Samples of the liquid on the plates were drawn at 
the end of a run after the proportioning pump, solenoid 
valves, and water feed were turned off simultaneously. The 
liquid mixture In the column was allowed to separate into two 
layers In each section. The toluene layer under each plate 
would not go through the plate because of the surface tension 
and the small size of the perforations. After phase separa­
tion, the water samples were withdrawn and titrated with an 
alcoholic solution of sodium hydroxide. The concentration of 
benzoic acid In both exit streams was measured in samples 
taken from the end sections. With this information the plate 
concentrations of the toluene layers were calculated by mate­
rial balance. 
Sege and Woodfield (15), and Geler (6) reported their 
results with reference to a number of standard cartridges, or 
perforated plate assemblies. These cartridges were of one 
diameter but were fitted with plates perforated with several 
different sizes of holes and per cent free area. Plate 
spacing and plate materials were also allowed to vary. In 
both cases the efficiency was expressed in terms of the 
H.T.U. (height of a transfer unit). 
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Griffith, Jasny, and Tupper (7) developed an approximate 
equation for holdup in a pulse column. They stated that for 
conditions such as exist at Incipient flooding caused by 
inadequate pulsation, the amount of organic phase pulsed up­
ward through a plate per half cycle must be sufficient to 
maintain the required net flow through the column: 
h = (1/s)(G/f) 
where, h = holdup, the volume fraction of organic phase 
contained in the contacting section of the 
column. 
s = volume of the section contained between two 
plates of the column (cc). 
G = organic flow rate (cc/min). 
f = pulse frequency (cycles/min). 
It has been shown by Edwards and Beyer (5) that this is 
an over simplification. On a plot of actual holdup data 
compared with the formula prediction of Griffith, Jasny, and 
Tupper they showed that most of the points fall above the 
theoretical line, which is what would be expected due to 
forced recycle in a pulse column. The points which fall 
below the line are the result of runs made at very low fre­
quencies. These discrepancies are to be expected because of 
the simplifying assumptions that all of the organic phase 
from one stage was pumped to the next stage on alternate 
half cycles and that it only passed through one plate per 
cycle. If the frequency is high with respect to bubble rise 
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time, it would be impossible for all of the organic phase to 
be pumped from a stage on alternate half cycles and none 
returned to the stage from which this phase came on the other 
half cycle. If the frequency should be low with respect to 
bubble rise time some of the organic phase could pass through 
more than one plate per cycle. Either of these conditions 
would invalidate the theoretical expression for holdup. 
Edwards and Beyer made a thorough investigation of the 
limits of pulse column operation with regard to flooding. 
A theoretical expression was developed for limiting flow at 
the lower flooding point: 
Vr = Vp cosh(G/7p) - G/2 - L 
where, Vp = recycle volume (cc/mln). 
Vp = pulse volume velocity (cc/mln). 
G = organic flow rate (cc/mln)$ 
L = aqueous flow rate (cc/mln). 
When Vr>0 there will be forced recycle present, when Vr = 0 
incipient flooding exists, and when Vr<0 flooding due to 
inadequate pulsation takes place and it is Impossible to 
operate the column. They also observed that holdup and gen­
eral pulse column performance is extremely sensitive to plate 
wetting characteristics. Variation in wettability produced 
by a nitric acid wash resulted in a more than two fold in­
crease in the capacity of the pulse column. Holdup seemed 
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to be somewhat less sensitive to plate wetting changes than 
was flooding. Burkhart and Pahlen (1), however, noticed as 
much as a thirty fold variation In holdup resulting from 
changes in plate wetting characteristics. 
Burkhart and Fahien presented a theoretical analysis of 
pulse column operation based on a stagewise approach rather 
than the H.T.U. concept. The portion of the column between 
two adjacent plates was considered to be a stage and thus 
divided the column into a number of separate units. Equilib­
rium contact was assumed and material balances were written 
for both the upstroke and downstroke. This method of calcu­
lation yielded two sets of operating and stage lines, one 
set for the upstroke and one set for the downstroke. The 
stages could be stepped off in much the same manner as is 
done for conventional countercurrent towers and also in the 
McCabe-Thiele plot that is made for distillation towers. 
Efficiencies were defined in much the same manner as Murphree 
plate efficiencies. 
Hayworth and Treybal (9) investigated the effect of 
nozzle diameter, fluid velocity, interfacial tension, vis­
cosity, and density on drop size in two liquid systems using 
only one nozzle design and a stationary continuous phase. 
They reported that drop size was uniform for a given velocity 
and decreased with increasing velocity for all velocities 
below approximately 30 cm./sec. drops still decreased with 
increasing velocity but were less uniform at any specified 
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velocity. Above velocities of 30 cm./sec. it was Impossible 
to draw any definite conclusions because of the high degree 
of nonuniformity of drop size. A semi-theoretical equation 
was presented for determining drop size at any velocity be­
low 10 cm./sec. and for maximum drop size between 10 and 
30 cm./sec. 
Merrlngton and Richardson (12) considered the drop size 
of a liquid discharged into air through various sizes and 
shapes of nozzles including the sharp edged orifice. The 
experimental results indicated that the mean drop size was 
dependent only upon the relative speed of the jet to the air 
and the viscosity of the fluid. This work was extended to 
liquid-liquid drops with essentially the same results re­
ported. 
Pratt, Lewis, and Jones (14) made a study of droplet 
behavior in packed, unpulsed columns. Experiments were done 
on nine different liquid-liquid systems and six different 
types of packing. Pratt and Gaylor (13) extended this work 
and related the mean drop diameter to the superficial flow 
rate of the dispersed phase through the column. The effects 
of incomplete mutual saturation of the phases and of the 
presence of an unequilibrated solute were also investigated. 
It was found that the mean drop size decreased with incom­
plete mutual saturation and also decreased in the presence 
of an unequilibrated solute if the solute was initially in 
the dispersed phase. If the undistributed solute were 
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present In the continuous phase the droplet size was normal. 
Coulson and Skinner (3) studied mass transfer by diffu­
sion from a continuous phase to dispersed drops. Data were 
determined for three conditions: (a) mass transfer during 
formation of the drops, (b) mass transfer to the drops when 
rising through a stationary continuous phase, and (c) mass 
transfer to drops rising against a countercurrent movement 
of the continuous phase. The results demonstrated that the 
mass transfer during formation of the drop was almost inde­
pendent of the time of drop formation. The overall mass 
transfer coefficient, based on the average area of interface 
during formation, decreased with increasing time of formation 
of the drop but was practically independent of the size of 
the drop. The mass transfer coefficient increased with drop 
size and with increasing relative velocity of the continuous 
and dispersed phase. These conclusions seem to support those 
reported by Licht and Conway (11) concerning mass transfer 
during drop formation and during passage through the contin­
uous phase. 
The major portion of the work on pulse column operation 
has been done in the emulsion region. Most of the work cn 
drop size has been done with single nozzles or orifices. 
Most of the mass transfer to or from drops of known size has 
been done with single drops. The information that has been 
gathered under actual operating conditions is often available 
only in the form of per cent uranium lost or some other 
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extremely specialized units. 
Since the reported data are almost completely in the 
region of emulsion operation, where it is imperative to know 
the effect of forced recycle, turbulence in the column, 
turbulence through the perforations in the plate, hole size 
as well as hole spacing, and physical property relationships 
for the given conditions, it is extremely hard to present 
any truly concrete design basis. It is possible to study the 
literature and come to the conclusion that the most econom­
ical operation is always to be found in the emulsion region. 
This might not be true if the system is one that reaches the 
upper flooding point quickly, gives phase inversion or poor 
dispersion. 
The study of pulse column operation in the low energy 
Input region has advantages that may be duplicated only in 
the true mixer-settler column if at all. There is no recycle 
at the lower flooding point to complicate the flow consider­
ations. Sampling techniques are available that make it 
possible to draw samples of each phase from every stage in 
the column. These samples can be taken without having to 
shut the column down, which would allow additional extraction 
to take place during the time required for phase separation. 
This can be done without upsetting the equilibrium of the 
column. These samples can be analyzed very accurately and 
material balances checked rather than depending on material 
balances and an unknown amount of error to arrive at coneen-
13 
tration data. It is possible to calculate holdup and to 
measure it in each stage. With bubble size and holdup known 
the interfacial area can be determined. 
14 
INVESTIGATION 
Equipment 
A schematic diagram of the pulse column and related 
equipment is presented in Figure 3. The pulse column was 
made of pyrex glass sections 3 Inches in diameter. Sections 
2 inches and 3 Inches high were used in the course of the 
investigation to vary the plate spacing. Data wen* taken 
with 2-inch, 3-inch, and 4-inch plate spacing-. 
The plate material used was exclusively 316 stainless 
steel. These plates were perforated by the Harrington and 
King Perforating Company. Three different combinations of 
hole diameter and per cent free area were used. The first 
plates used had 0.033-Inch diameter holes and 21 per cent 
free area, the second had 0.0625-inch diameter holes and 22.5 
per cent free area, and the third had 0.125-inch diameter 
holes and 23 per cent free area. In all cases the surfaces 
of the plates were passlvated by immersion in a solution of 
50 per cent nitric acid by volume at a temperature of 130 
degrees Fahrenheit for 30 minutes. 
The pulsation was supplied by a Lapp Pulsafeeder through 
a 6-inch stainless steel bellows filled with the heavy phase 
liquid. The amplitudes used ranged from 0.24 inches to 0.45 
inches. Frequencies from 15 cycles per minute to 85 cycles 
per minute were used. 
The column was assembled by placing sandwiches, consist­
ing of a perforated plate between two polyethylene gaskets, 
<* 
ORGANIC 
STORAGE 
AQUEOUS 
STORAGE 
n 
ORGANIC 
FEED 
TO 
STRIPPING 
COLUMN 
L; 
Q4J 
r——@ 
AQUEOUS 
FEED 
TO 
STRIPPING 
COLUMN 
T 
Ql 
U 
ORGANIC 
FEED 
TO 
PULSE 
COLUMN 
AQUEOUS 
FEED 
TO 
PULSE 
COLUMN 
T 
i£l 
n" 
to 
Vx 
ORGANIC 
PUMP 
AQUEOUS 
PUMP 
ORGANIC AQUEOUS 
PUMP PUMP 
STRIPPING COLUMN PULSE COLUMN 
Figure 3. Flow diagram of pulse column and related equipment 
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between each glass section and drawing the entire assembly 
together with 4 tie rods which extended the length of the 
column. The base plate was leveled with extreme care so 
that each plate would be absolutely horizontal to reduce the 
possibility of error in the holdup measurements. 
The aqueous (heavy) phase was fed to the column through 
a Brooks rotameter size R-8M-25-2 with an aluminum float by 
an Eastern model D-ll centrifugal pump. It entered the top 
of the column through a distributor made of 4 small stainless 
steel tubes connected to a common manifold. The aqueous phase 
was removed from the column through a Fisher and Porter ro­
tameter number 2-A-25-A with a stainless steel float by an 
Eastern model D-ll centrifugal pump. The organic (light) 
phase was Introduced into the bottom of the column through a 
dispersion feed head. It was impossible to supply a constant 
feed with a centrifugal pump because of the pressure variation 
caused by pulsation. The organic phase was pumped with a 
Milton Roy Constametrlc pump regulated by a General Electric 
Tymotrol speed control unit. The stream was also metered by 
a Brooks rotameter size R-8K-25-2 with an aluminum float. 
The organic phase was removed from the column by overflow 
Into a takeoff line on the upstroke of each cycle. Both the 
aqueous and the organic phases were discharged into small 
stainless steel containers fitted with control valves which 
made it possible to switch the flow Into graduated cylinders 
for more accurate measurement of flow rate. The exit streams 
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were stored in 30 gallon stainless steel drums or fed to the 
stripping column. 
The stripping column consisted of two sections of 4-
inch diameter, heavy duty pyrex glass pipe, each 5 feet long, 
flanged together and packed with 0.25-inch berl saddles. The 
rich organic phase was fed to the stripping column and passed 
countercurrently to distilled water. The acid content of 
the organic phase was reduced to a value such that it could 
be reused as solvent. The aqueous phase discharged from the 
stripping column was collected and enriched with acetic acid 
to bring it to the proper strength for the pulse column feed 
solution. The stripping column was not used except when ex­
traction runs were being made since the bubble size runs were 
made with equilibrium solutions. 
Concentration Measurement 
Each glass section of the pulse column was fitted with 
a rubber ampule plug located vertically half way between the 
plates. Samples were taken through hypodermic needles which 
had been bent to L shape and had the ends machined to fit 
snugly into the perforations in the plate. This is illus­
trated in Figure 4. The needles were inserted through the 
ampule plug and positioned near the center of the plate above 
or below the section depending upon the type sample that was 
being taken. With the column operating in the mixer-settler 
region, a sample of the heavy phase could be taken from the 
plate above the ampule plug or a light phase sample could be 
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taken from the plate below. These samples were taken only 
after a minimum of six column volumes of each phase had passed 
through the column. The samples were removed through 0.125-
inch rubber tubing connected to sample bottles through sole­
noid control valves. This arrangement is pictured schemat­
ically in Figure 5• Micro-switches were located on the 
Pulsafeeder in such a manner that it was possible to vary 
the time during the pulse at which the sample was taken and 
also the duration of time for which a sample was taken. The 
general procedure was to take only two or three drops of 
sample each cycle until enough had been collected to analyze. 
This sampling technique made it possible to check plate to 
plate material balances with samples taken over a long enough 
period of time to be representative. It was also possible to 
cut out the micro-switches and actuate the solenoid valves 
manually with a hand switch. All samples were titrated with 
a Beckman titrimeter. This instrument reproduces titrations 
with a maximum error of 0.1 per cent. 
Holdup Measurement 
A schematic of the valving mechanism used to make possi­
ble the measurement of holdup is shown in Figure 6. The 
aqueous exit stream passed through a solenoid valve with the 
control switch located on the cock valve control lever. The 
cock valve control lever linked a one-quarter turn full open­
ing cock valve on the aqueous feed, the organic feed, and the 
pulse feed line. It was possible to "freeze" the column at 
20 
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any given time by simultaneously closing the cock valves and 
the solenoid valve. The organic phase was then allowed to 
separate from the aqueous phase and the depth of this phase 
was measured with a short range traveling telescope. The 
product of the depth of the organic phase and the cross 
sectional area of the column gave the volume of organic phase 
contained between any two plates. The two smaller size per­
forations would not allow either phase to leak through be­
cause of interfacial tension. 
Bubble Measurement 
Mean bubble diameters were determined by photographing 
the bubbles, mounting the negatives as slides, projecting the 
negatives to 3.15 times the actual size, and measuring the 
bubbles. The photographic arrangement is shown in Figure 7. 
The photographs were taken with a Leica 35 millimeter model 
Ill-g camera with an f-3.5 lens. A close-up attachment with 
a G extension tube was used at all times. Light was supplied 
by a Heiland strobe flash unit located directly behind the 
column with respect to the camera. The light was diffused 
through a 0.25-inch polyethylene sheet. The light in the 
laboratory was negligible compared to that supplied by the 
strobe so that the effective shutter speed was 1/2000 seconds. 
A lens opening of f-22 was used to give a maximum depth of 
field. The depth of field was approximately 1 centimeter. 
The camera was kept at the same distance from the column for 
every picture by a plastic spacer. This was done to insure 
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Figure 7. Arrangement of photographic equipment 
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the same magnification factor in each picture. The exposed 
film was developed and mounted in 2 x 2 inch slide mounts and 
projected on the 8 x 8-inch ground glass screen of a Koda-
slide table viewer. This screen was fitted with a grid over­
lay marked off in millimeters. The magnification was deter­
mined by photographing a ruler and projecting this photograph 
on the screen. The possibility of distortion due to taking 
pictures through a curved glass surface was checked by taking 
pictures of a column section filled with spherical glass 
beads. Since only a small portion of the column was taken 
in a picture and the depth of field was so shallow, the beads 
along the edge were out of focus due to the short depth of 
field before distortion became appreciable. In all runs a 
steady-state flow was established before any pictures were 
taken. One picture was taken at each condition for each of 
three separate runs. The mean diameter was determined for 
each picture and then an arithmetic average of these three 
values was used in plotting the graphs. 
Since most of the bubbles were not perfect spheres, but 
were oblate spheroids, it was necessary to choose some method 
of determining a characteristic diameter. The ultimate use 
of this diameter was the major factor in determining the 
method of conversion. The bubble diameter was used to cal­
culate the volume of the bubble. The discontinuous phase 
holdup per stage was then divided by the average bubble 
volume to determine the number of bubbles formed per stroke. 
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This diameter also needed to be related to the surface area 
since mass transfer is dependent on the interfacial area. 
The method used was recommended by Dallava11 (4) and also 
used by researchers at the British Atomic Energy Research 
Establishment at Harwell, England (14). 
The mean volume-surface diameter, d^ g, was calculated 
in the following way: 
" • M  
d = diameter of a sphere with the same volume as 
the bubble measured 
n = number of drops having diameter d 
This then gave the volume to surface relationship for 
spheres. 3n the calculation of individual drop diameters, it 
was more convenient to convert the oblate spheroids to spheres 
of equal surface area. The difference between these two 
alternate methods was found to be less than 1 per cent of the 
diameter. An error of this magnitude would be less than the 
experimental error. With this justification the conversion 
to spheres of equal volume was used. The complete derivation 
of the mean volume-surface diameter and the difference be­
tween the diameter of a sphere of equal volume and a sphere 
of equal surface area, may be found in the appendix under 
"Method of Bubble Size Correlation". After choosing a method 
of calculation, it became necessary to determine how many 
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bubbles must be measured in each picture. Four pictures 
were selected3 one representing the largest bubbles, one 
the smallest bubbles and two with bubbles of intermediate 
size. Fifty to one hundred bubbles were measured in each 
picture and the variance calculated by 
h Ï12 - f iLliS 
s2 = 1=1 S 
n-1 
An average of the S value was then used to calculate the 
confidence limits by 
S ( * o .l£-&)_ é 
1  2 
n2 
Measurement of 25 bubbles selected randomly from each 
picture gave the true mean bubble diameter within 0.25 
millimeters 90 per cent of the time. Approximately twenty-
two thousand bubbles were measured in the course of this 
investigation. 
Flow Techniques 
In the course of the investigation it became necessary 
to take high speed motion pictures of bubble formation. A 
Fastax high speed movie camera, model WF-3, was used. The 
pictures were taken at a speed of 8000 frames per second. 
The column was fitted with only one plate approximately half 
way between the top and bottom of the column. Equilibrium 
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solutions were used In all motion picture studies. The col­
umn was operated below the lower flooding point until a deep 
layer of organic phase was built up below the plate and a 
deep layer of aqueous layer was above the plate. The inlet 
and outlet streams to the column were stopped, so that the 
only liquid passing through the plates was that due to the 
pulsation. This simulated the pulse column operating exact­
ly at the lower flooding point. This same technique was used 
to determine the bubble size at incipient flooding for the 
various frequencies. 
The runs that were made above the lower flooding point 
but below the upper flooding point were made with set flow 
rates and amplitudes with frequency as the only variable. 
These were made with pulse frequencies being increased step­
wise, decreased stepwise, and skipping around to be sure that 
the sequence of picture taking had no effect on the bubble 
size determination. 
Pulse Characteristics Measurement 
The amplitude of the pulse was measured with a sharp 
pointed, stainless steel probe attached to a micrometer 
vernier. This was mounted on the top of the column. The 
probe was adjusted until it just touched the interface at 
the top of an upstroke. It was then moved down until the 
interface would just break away at the bottom of a downstroke. 
The difference in these two readings was taken as a rough 
measure of the amplitude. A correction was made for the 
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wetting of the probe by the aqueous phase. This was done by 
stopping the pulse generator, lowering the probe until It 
just touched the Interface, then raising It until the aqueous 
phase broke away. This amount was added to the first rough 
measurement and the sum taken as the final value of the 
pulse amplitude. The reading on the micrometer vernier read 
to three places to the right of the decimal and was estimated 
to the fourth place. The final value was rounded to two 
places past the decimal for use in calculations. 
The pulse frequency was measured with a Metron hand 
tachometer model.26-C. This was checked by counting the 
pulses for three minutes with a stop watch. 
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SCOPE OF THE INVESTIGATION 
The purpose of this investigation was to determine the 
effect of plate spacing, perforation diameter, pulse fre­
quency, pulse amplitude, and the physical characteristics 
of the liquids on bubble diameter in a pulse column. A 
knowledge of the effect of these variables on bubble size 
should help in the physical sizing of a pulse column. Since 
it is possible to calculate holdup when the pulse column is 
operating in the mixer-settler region, knowing the bubble 
diameter would make it possible to calculate the number of 
bubbles formed per cycle and the time of formation for these 
bubbles. The number of bubbles formed per cycle times an 
average diameter of these bubbles would give the Interfacial 
area between the two phases. The time of formation is im­
portant in estimating the amount of mass transfer that takes 
place during bubble formation,. The time of formation is 
also necessary for calculation of the total time required 
for a bubble to be formed and rise to the plate above. 
Runs to determine bubble size were made with a 3-inch, 
glass pulse column using various combinations of plate 
spacings, perforation diameters, amplitudes, and frequencies. 
Each run was made three times and the average value of the 
bubble diameter determined by these three runs was reported. 
A typical sample of these data are presented in Table 1 to 
show the scatter of individual bubble size determinations. 
Since the pulse column has several regions of operation 
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Table 1. Scatter of typical bubble size data 
System B: Hexone - acetic acid - water 
Amplitude = 0.36 in. 
Organic flow rate = 407 ml./min. 
Aqueous flow rate = 407 ml./min'. 
Plate spacing * 3.0 in. 
Frequency &VS (mm.) 
(cycles/mln.) Bun 1 Bun 2 Bun 3 Average 
15 1.94 1.98 2.11 2.01 
25 2.02 1.59 1.71 1.77 
P 1.52 1.59 1.53 1.55 45 1.01 1.05 1.03 1.03 
55 1.26 1.02 1.00 1.09 
65 0.99 1.08 1.01 1.03 
75 1.03 0.95 0.98 0.99 
85 0.90 0.93 0.96 0.93 
it was necessary to employ several different techniques to 
insure the proper flow conditions during the bubble size 
determination. It was very difficult to operate the column 
exactly at the lower flooding point since the heavy phase 
was removed with a centrifugal pump. The pulse superimposed 
on the countercurrent flow of the two phases by the pulse 
generator caused a slight variation in the discharge rate 
through the heavy phase discharge pump. A variation of as 
much as 0.5 milliliters per minute of either flow rate can 
cause flooding when the column is being operated very close 
to the lower flooding point. 
To overcome this difficulty the column was assembled 
with only one plate. This plate was located near the middle 
of the column. The flow rates were adjusted so that the 
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region of operation was below the lower flooding point. A 
layer of the light phase was allowed to build up under the 
plate until it was several inches deep. The entering and 
exit streams to and from the column were stopped. The 
pulse generator was stopped and the phases were allowed 
to coalesce completely. The pulse generator was always 
stopped at the beginning of a downstroke so that when it 
was started it would have at least a half cycle to gain 
speed before the upstroke of the cycle. 
After the phases had coalesced, the pulse generator 
was started and a picture was taken of the bubbles formed by 
the first upstroke. This bubble size was representative of 
the bubbles formed at incipient flooding since there was no 
counter-current flow in the column except that initiated by 
the action of the pulse generator. Since there was only 
one plate in the column, the effect of turbulence caused by 
interaction between adjacent plates was also eliminated. 
Runs of this type were made with each of the three perfora­
tion diameters in combination with four different systems. 
In plotting the results an attempt was made to show the 
effect of the perforation diameter separated from pulse am­
plitude and pulse frequency. The data taken at amplitudes 
of 0.25 inches and 0.35 inches for any single perforation 
diameter fell on the same curve. This indicated that it 
was the combined effect- of amplitude and frequency that 
affected bubble size at incipient flooding rather than each 
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having an individual effect. This does not mean that same 
reasoning will hold true as the column operates farther 
above the lower flooding point and especially as mixer-
settler operation is exceeded. 
Plate spacings of 2, 3» and k inches were used in the 
determination of bubble size from the incipient flooding 
point to the emulsion region of operation. These data 
are presented in Figure 8. The flow rate of each phase was 
adjusted to as near the calculated flow rate for Incipient 
flooding as possible. The frequency was then increased in 
steps of 10 cycles per minute up to a maximum of 85 cycles 
per minute. Time was allowed at each frequency for the 
bubble size to reach steady-state before the picture was 
taken. These curves were very different from those determined 
at the incipient flooding point. Some of the curves were 
wavy to the point of seeming to have discontinuities and in 
all the curves the general trend was to smaller bubble size 
as the frequency increased at constant amplitude. 
Figure 8. Effect of plate spacing on bubble size 
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RESULTS 
Bubble Size at Incipient Flooding 
Four liquid-liquid systems were employed to study 
bubble size variation at incipient flooding. The physical 
properties of the four systems are tabulated in Table 1 as 
systems B, C, D, and E. Systems B and E had approximately 
the same density difference between the phases while the in­
terfacial tension of E was nearly twice that of B. Systems 
C and D had approximately the same interfacial tension but 
the density difference between the phases in C was over 
twice that for D. 
Perforation diameters of 0.033 inches, 0.0625 inches, 
and 0.125 inches were used with system B. Perforation diam­
eters of 0.033 inches and 0.0625 inches were used with 
systems C, D, E. Pulse amplitudes of 0.25 inches and 0.35 
inches were used in conjunction with each perforation diam­
eter for each of the four systems. All runs were made using 
the single-plate technique designed to simulate true incip­
ient flooding conditions. The data taken are tabulated in 
Table 3 in the appendix and presented graphically in Figures 
9 and 10. 
Measurements on a single system 
Figure 9 deals only with system B. The graphs were 
arranged so that the effect of perforation diameter, pulse 
amplitude and pulse frequency on bubble size could be seen. 
Table 2. Physical data for liquid systems used in bubble size measurements 
System Distributed Solvent Density Viscosity Interfacial tension 
solute (gm./cm.3) (cp.) (dynes/cm.) 
A Acetic acid Hexone 0.8118 0.690 7.438 
A Acetic acid Water 1.0030 1.070 7.438 
B Acetic acid Hexone 0.8242 0.846 5.674 
B Acetic acid Water 1.0082 1.137 5.674 
C None n-Heptane 0.7129 0.445 38.030 
C None Water 0.9971 0.879 38.030 
D None Benzene 0.8730 0.597 34.692 
D None Water 0.9957 0.897 34.692 
E None Hexone 0.8034 0.729 11.330 
E None Water 0.9962 0.962 11.330 
Figure 9. Bubble size at incipient flooding 
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Figure 10. Bubble size at incipient flooding 
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In every graph the bubble size was seen to either de­
crease or increase very slowly with increase in pulse fre­
quency and then begin to increase rapidly with further in­
crease in frequency. The net effect of pulse frequency 
seemed to be to increase bubble diameter. 
Sections A and B represent data taken with the perfora­
tion diameter held constant at 0.033 inches while the pulse 
amplitude was increased from 0.25 inches in A to 0.35 inches 
in B. A comparison of these two graphs showed very little 
difference at the beginning of each curve, yet the one with 
the greatest pulse amplitude had the largest bubble diameters 
at high pulse frequencies. The data in C, D, and E strength­
ened the results observed in A and B. The perforation diam­
eter was held constant at 0.0625 inches for the runs repre­
sented in graphs C, D, and E. In C the pulse amplitude was 
held at 0.25 inches. In D the pulse amplitude was 0.35 
inches. And in E the pulse amplitude was 0.4-5 inches. 
Bubble size was only slightly different in the first few 
points of C and D and then it began to increase more rapidly 
in D with increasing pulse frequency than it did in C. 
Graph E revealed that further increase in pulse amplitude 
magnified in the increase in bubble diameter. 
A comparison of graphs A and C or B and D gave the 
effect of perforation diameter on bubble size. Bubble size 
increased with the increased perforation diameter in each 
case. 
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Measurements on several systems 
Bubble size increased with perforation diameter, pulse 
amplitude, and pulse frequency for system B. Other systems 
with different physical properties were studied to see if 
this trend were general. The graphs in Figure 10 are labeled 
to correspond to the systems they represented. Bubble size 
was plotted as a function of the Reynolds number since the 
velocity of the liquid passing through the perforations in 
the plate is directly proportional to the product of the 
pulse amplitude and pulse frequency. The perforation diam­
eter was chosen as the linear element of the Reynolds number 
so that all three variables could be related simultaneously 
to the bubble diameter. The viscosity and density of the 
dispersed phase were used in the determination of the Reynolds 
number. The curves drawn to show the trend of the data were 
fitted by the method of least squares using a polynomial of 
the third degree, as follows : 
dys = a + b log Re + C(log Re)2 + e(log Re)3 
dys = bubble diameter (mm.) 
a,b,c,e = empirical constants 
Re ~ Reynolds number 
These constants are tabulated in Table 4 in the appendix. 
The first two curves in graph B represent the same data 
presented in Figure 9. In general, bubble size increased 
with an increase in Reynolds number. The exceptions were 
system B, with perforation diameters of 0.0625 Inches and 
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0.125 Inches, and systems D and E with diameters of 0.033 
inches and 0.0625 inches. These exceptions are magnified 
because the abscissa is expanded. The decrease in bubble 
size with increasing Reynolds number extends only over a 
limited portion of the data taken. 
The data for systems B and E may be compared to see the 
effect of changing interfacial tension while the density 
difference is held constant. For the perforation diameter 
of 0.033 inches there seems to be very little difference. 
However, for the perforation diameter of 0.0625 inches 
system E has larger bubble diameters than system B. It is 
interesting to note that in these two latter curves the 
general trend of the data is very similar. 
The data for system C and D may be compared to see the 
effect of changing the density difference while the inter-
facial tension was held nearly constant. Little difference 
was observed in the data for the perforation diameter of 
0.033 inches. The curves for the perforation diameter of 
0.0625 inches revealed a startling dissimilarity. The curve 
for system D is very similar in shape to the curves of 
systems B and E for the 0.0625 inch perforation diameter, 
although there was so much scatter in this data that no 
really sound conclusion could be drawn. System D had the 
smallest density difference of any of the systems tested 
while system C had the largest density difference. This 
curve for system C was much flatter than any of the others 
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for this perforation diameter. 
The interfacial tension varied from 5*674 dynes/cm for 
system B to 38.030 dynes/cm for system D. The density dif­
ference varied from 0.1227 gms/cm^  for systems D to 0.2842 
gms/cm^  for system C. System C had the largest interfacial 
tension and density difference of the four systems tested. 
The curves for this system varied quite radically from the 
pattern set by the other three. 
The data for the best fit curves are presented in Table 
2 in the Appendix, along with the experimental data for the 
incipient flooding runs. 
Bubble Size under Recycle Conditions 
Pulse columns are unique among liquid-liquid extractors 
for several reasons. The most outstanding difference is 
noted in the fact that the pulse column never operates under 
true steady state conditions. The common definition of 
steady state conditions is that the concentration at any 
point in the operating column is independent of time. It 
has been shown by Burkhart and Fabien (1) that the concen­
tration in any given stage of the column depends upon the 
part of the pulse cycle which is being considered. The 
second major difference is the back mixing or recycle that 
occurs in the column as the pulse volume velocity is in­
creased beyond the lower flooding limit and before reach­
ing the upper flooding limit. 
In the pulse column the phases are alternately dispersed 
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into each other by the action of a pulsing piston, bellows, 
or some similar mechanical device. The pulse impulse can 
take the form of a sine wave, saw-tooth wave, square wave, 
or almost any other form (16). The most common wave form 
used is the sine wave. This wave impulse superimposed upon 
the countercurrent flow of the feed and extract streams is 
the reason for the two characteristics previously mentioned 
and is the source of a third major difference. This pulse 
causes the liquids in the column to flow through the per­
forations in the plates with a continuously variable velocity, 
except in the case of the square wave impulse. In the case 
of a sine wave pulse the velocity starts at zero, rises to 
a maximum, and then decreases to zero again. Difficulty has 
been experienced in predicting bubble size and drop formation 
time, partly because of the continuous variation in the 
velocity through the plates. 
Bubble size is important because the interfacial area 
is an important factor in the rate of mass transfer. The 
sum of drop formation time and the time from the start of 
the pulse to the start of formation of any drop subtracted 
from the tiT* required for one cycle will give the time 
available for this bubble to rise to the next plate and 
coalesce before the start of a new cycle. Workers in the 
extraction field (3, 11) have noted that the largest per­
centage of extraction takes place during drop formation and 
collapse» The rise time available for the last bubble formed 
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then will set the maximum limit for plate spacing. The 
minimum limit will be set by the requirement that each phase 
should pass through only one plate per cycle. 
The first step in the prediction of bubble size and 
formation is to estimate the amount of fluid that can be 
moved through a given column at any predetermined amplitude 
and frequency. The estimate can be made by following the 
method outlined by Edwards and Beyer (5) and adapting it to 
the column under consideration. Derivation of this equation 
for a sinusoidal pulse Input, with continuous feed of the 
light phase and continuous removal of the heavy phase gives: 
0, — ~ sin ( 2 " ft) + (G—L) t 
Q, = net quantity of fluid in cc. which has flowed 
upwards past any point at any time t, in m In, 
from the time t = 0. 
G = light phase flow rate, cc./min. 
L = heavy phase flow rate, cc./min. 
v = pulse volume, which represents the volume 
displaced during the pulse movement of the 
fluid content of the column from one extreme 
position to the other, cc./cycle. 
f = pulse frequency, cycles/mln. 
Differentiating with respect to time gives: 
 ^= xvf cos (2 7f ft) + G-L 
 ^= fluid volume velocity past any point at any 
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time i. 
Solving this equation for the time when Aâ = 0, two 
at 
roots are discovered: 
= i?+ 2wf 
*2 " if - 2fff 
- 
sln
"
x 
The heavy phase moves down only between times t^  and 
t0 (£2, is negative during this time) so that the volume, £ d"C 
Q^ , of liquid moving down past any point is: 
r z  
Q& = -/ j[~nvf cos (2/r ft) + G-l7 dt 
H 
or upon integrating, 
= V cos 0 + (2 0 + 7f ) G~L 2 7T f 
With these expressions of volume displaced in either 
direction as a function of time It is possible to further 
analyze pulse column operation. It is now necessary to know 
the size of the perforations and the per cent free area in 
order to calculate v for an individual perforation. It is 
also necessary to make the following assumptions about the 
physical characteristics of the column: 
1. The plates are composed of some material that is 
preferentially wet by the continuous phase rather 
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than the discontinuous phase. 
2. The column is operating in the mixer-settler region. 
3. An equal volume of liquid flows through each per­
foration. 
Experimental data for bubble sizes under recycle con­
ditions were tabulated in the Appendix in Tables 5 through 
26. These same data are presented graphically in Figures 
11 through 13. The curves drawn through these experimental 
points are, for the most part, arbitrary. The points were 
connected primarily to make it easier for the reader to 
follow the trend of the points. 
Effect of pulse amplitude 
Figures 11 and 12 illustrate the effect of pulse ampli­
tude on bubble size. Graphs A and E or B and F of Figure 
11 show the change brought about by increasing the pulse 
amplitude from 0.25 inches to 0.36 inches. The perforation 
diameter was 0.033 inches. In each of these cases the net 
effect of the increase in pulse amplitude was to reduce the 
bubble size. This was a direct reversal of the effect of 
pulse amplitude on bubble size at incipient flooding. 
Comparisons of graphs A, F, and H or B, G and I of Figure 
12 confirm this result. The plates in this case had 0.0625 
inch perforations and the amplitudes were 0.25 inches, 0.35 
inches, and 0.45 inches. 
Figure 11. Bubble size under recycle conditions 
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Figure 12. Bubble s ialiÉîubble size under recycle conditions 
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Figure 13. Bubble size under recycle conditions 
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Effect of flow rate 
Figures 11 through 13 show the effect of flow rate on 
bubble size. This can be seen by selecting any vertical 
column of graphs on any of these figures and proceeding from 
top to bottom which is in the direction of increasing flow 
rate. The major difference seemed to be that at the higher 
flow rates there were fewer irregularities in the bubble size 
curves. 
Effect of pulse frequency 
The effect of pulse frequency could also be seen in every 
graph in Figures 11 through 13. The general rule was that an 
increase in pulse frequency, at constant pulse amplitude and 
constant perforation diameter, decreased the bubble size. 
This is exactly opposite to the effect of pulse amplitude. 
The exceptions to this general rule were the wavy and irreg­
ular curves at low flow rates. These irregularities occurred 
between 35 and 45 cycles per minute for a superficial flow 
rate equal to the flow rate at incipient flooding for 15 
cycles per minute, and between 55 and 65 cycles per minute 
for a superficial flow rate corresponding to the flow rate 
at incipient flooding for 25 cycles per minute. At these 
points there occurred an abrupt rise in average drop diam­
eter while going in the direction of increasing frequency. 
Since the pulsed volume is equal to the product of 
amplitude and cross sectional column area only, it is inde­
pendent of frequency. This means that as long as the ampll-
50 
tude is held constant in a given diameter column, the volume 
beneath the curve on any half cycle will remain constant. 
When the frequency is increased the number of these volume 
units in a set increment of time is increased. For example, 
the pulse volume in a 3-inch column at a pulse amplitude of 
0.25 inches is 23.11 cc. At a frequency of 15 cycles per 
minute it is possible to have a flow rate of 347 cc./min. of 
each phase. At a frequency of 45 cycles per minute it is 
possible to have a flow rate of 1041 cc./min. of each phase. 
If it were desired to have a flow rate of only 34? cc./min, 
of one phase but the frequency was kept at 45 cycles per 
minute then only one third of the volume of each alternate 
half cycle would be required to maintain this flow rate. 
On this basis, it is possible to understand the reason 
for the Irregularities in the average drop diameter versus 
frequency plots. Suppose that the column is to be operated 
in the mixer-settler region and as near the incipient flood­
ing point as possible. The minimum bubble size that will 
be produced can be determined from Figure 10. It is very 
unlikely that the volume pulsed upward each cycle could be 
divided by the volume of the bubble to give an answer with 
no partial bubble remainder. In other words, it is probable 
that the last bubble coming through the plate will not have 
sufficient volume to detach itself and will be sucked back 
through the plate by the downstroke. 
High speed moving pictures were taken to confirm this 
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theory. These pictures were taken at the rate of 8000 frames 
per second for pulse frequencies of 15, 35, and 75 cycles 
per minute. The flow rates were at simulated incipient 
flooding using a column containing only one plate. A layer 
of the aqueous phase was allowed to build up above the plate 
and a layer of organic phase was allowed to build up below 
the plate. The entering and exit streams were shut off and 
the pulse generator was started. The pictures were taken 
after several cycles of the pulse generator. These pictures 
showed that the organic phase did not wet the plate and that 
there was no streaming of. the dispersed phase through the 
perforations. It was possible to observe that the bubbles 
form in layers and to see that the last partial bubbles, 
which had insufficient volume to detach themselves, were 
sucked back through the perforations on the downstroke. 
Two effects were noticed as a result of this phenomenon. 
First, the time that this volume of liquid used up in passing 
through the plate twice was dead time as far as flow capacity 
was concerned. The capacity of the column was decreased by 
the number of perforations in the plate times the volume 
remaining at the end of the upstroke. This volume is indi­
cated by the shaded portion of area under the curve in Figure 
14-A. This phenomena accounted for the inability to obtain 
the theoretical flow rate at incipient flooding. Second, 
this volume of liquid could form bubbles of smaller than 
normal size when It was drawn down by the downstroke. These 
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Figure 14-A. Bubble formation at incipient flooding 
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Figure 14-B. Bubble formation above incipient flooding 
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small bubbles decreased the average bubble size in the column. 
The variation in bubble size as the pulse column was 
operated further above the incipient flooding point can be 
understood easier with the aid of an example problem. Let 
the pulsed volume be 347 ml./min. at a frequency of 15 cycles 
per minute. Let this be decreased by 5*5% because the last 
bubble formed at each perforation does not have sufficient 
volume to detach itself from the plate. This flow rate Is 
then (34? ml./min.) (0.945) = 327.9 ml./min. If the fre­
quency Is now increased to 35 cycles per minute but the or­
ganic flow ra t e into the column (and thus through the column) 
remains 327.9 ml./min. the bubble formation occurs as illus­
trated in Figure 14-S. The volume of liquid indicated by 
areas 1, 2, and 3 will form bubbles whose size will be de­
termined by the velocity through the perforations. Area 4 
will be the remainder of the liquid and will form a bubble 
with a diameter smaller than those formed previously. This 
will cause the average bubble size to be smaller. As the 
frequency is increased a point will finally be reached where 
there is a balance between the volume required to maintain the 
predetermined flow rate and the individual bubble volume. At 
this point the average bubble size will increase because 
there will be none of these extremely small diameter bubbles 
to reduce the average bubble diameter abnormally. A sample 
of the calculation procedure is presented under "Bubble Size 
Calculations" in the Appendix. 
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Effect of bubble size on extraction 
Three extraction runs were made to see if it was possible 
that the irregularities in the average bubble diameter would 
have any extreme effect upon the extraction. Frequencies of 
25, 35, and 45 cycles per minute were used in order to com­
pletely bracket the discontinuity. Aqueous samples were 
taken under dynamic conditions for each stage and were 
analyzed. The results were presented in Figure 15. The 
samples were all taken a few drops at a time at the end of 
an upstroke. The 25 cycle per minute frequency was the best 
and the 45 cycle per minute frequency the worst on every 
plate except the bottom plate and in the bottom end section. 
On the bottom plate the 35 cycle per minute frequency seemed 
to be the best and the 45 cycle per minute frequency the 
poorest. In the bottom end section the samples taken indi­
cated that the 45 cycle per minute frequency was the best 
and the 25 cycle per minute frequency was the poorest. 
Bubble size determinations during the extraction runs indicat­
ed that the bubble diameter was less in every case than those 
measured using equilibrium solutions. The direction of 
transfer was from the aqueous to the organic (continuous 
to dispersed). A possible explanation of the greater amount 
of extraction that took place in the bottom end section can 
be understood by considering the physical design of the 
column. The organic phase was introduced into the bottom 
of the column through a dispersion head. The organic phase 
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Figure 15. Effect of pulse frequency on extraction 
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was fed to the column by a positive displacement, constant 
volume pump. This means that the bubble size of the organic 
phase introduced into the bottom of the column was independ­
ent of the pulse frequency. This was not true of the bubble 
size in the main extraction section of the column. Since 
the organic phase was introduced at the same rate for each 
pulse frequency and the bubble size was the same in all three 
cases, more extraction could be expected in the bottom sec­
tion at the higher pulse frequency. As the organic phase 
proceeded up the column, however, it was possible to observe 
the effect of bubble size upon extraction. Since a major 
portion of the extraction takes place during bubble forma­
tion and collapse (3)(11) this, too, could have contributed 
to the efficiency of the extraction at 25 cycles per minute. 
This frequency just allowed the last bubble formed on each 
upstroke to rise and coalesce at the plate above. 
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DISCUSSION OP RESULTS 
A knowledge of the bubble size that will be formed under 
certain specified conditions makes possible the determination 
of the physical dimensions of the pulse column. From the bub­
ble size and the physical characteristics of the liquids, it 
is possible to calculate the terminal rise velocity of the 
bubbles. The time available for the first bubble to rise 
will be the time for a full cycle minus the time required to 
form the bubble. The time the second bubble has to rise will 
be the time for a full cycle minus the formation time of the 
first and second bubble. Each of these bubbles will rise 
with the upstroke and against the downstroke. The time re­
quired for a bubble to reach its terminal velocity when 
rising in a stagnant liquid is so short that it has been 
assumed to be negligible. This assumption is justified in 
the Appendix under "Calculation of Time Required for a Bub­
ble to Reach Terminal Velocity." Since these calculations 
are based on the assumption that no bubble goes through two 
plates during a single cycle and every bubble has time to 
rise to the plate above before the beginning of the next 
upstroke there should be a minimum and a maximum plate 
spacing. 
The minimum plate spacing will be the spacing required 
to insure that no bubble passes through more than one plate 
per cycle. The maximum plate spacing will be the spacing 
required to allow each bubble to rise to the plate above. 
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The first bubble formed will in most cases set the minimum 
plate spacing, while the last bubble formed will usually 
determine the maximum plate spacing. Any column designed 
to operate in this region and to comply with the limiting 
assumptions should then have the plates spaced within these 
limits. For these calculations equal flow rates of the light 
and heavy phases were assumed. The flow rate was set by 
incipient flooding limitations at 15 cycles per minute. 
From the general theory of the drag force on spherical 
particles (2), it is known that the plot of drag coefficient 
versus modified Reynolds number (Re1 ) can be divided into 
four regions. The drag coefficient can be represented by 
S'/pu2 where R* is the force exerted on unit projected area 
of the particle in a plane straight angles to it's direction 
of motion,/'is the density of the continuous phase, and u is 
the velocity of the particle relative to the fluid. The 
modified Reynolds number is where u and p are defined 
as before, d is the diameter of the sphere, and jjl is the 
viscosity of the continuous phase. Generally the portion of 
the curve that applies to a particular bubble is unknown 
because the Reynolds number is a function of the unknown 
terminal velocity. However, multiplication of the drag 
coefficient by the square of the modified Reynolds number 
yields a dimensionless group which does not include terminal 
velocity. A plot of this group versus the modified Reynold' s 
number, as in Figure 16 in the Appendix, makes it possible 
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to determine the modified Reynold1s number. With this knowl­
edge of the modified Reynold' s number the terminal velocity 
can be calculated. Sample calculations are included in the 
Appendix under "Plate Spacing Calculations" and "Bubble 
Formation Time Calculations." In these calculations d was 
assumed to be equal to dvs and u was taken as the pulsed 
volume divided by half the time of one cycle. Bubble for­
mation time was calculated using this same velocity. 
The individual effect of pulse amplitude and pulse 
frequency on column design is evident from the previous 
discussion. The bubble size depends upon the product of the 
pulse amplitude and pulse frequency in the mixer-sèttler 
region. Yet, if the pulse frequency were low and the pulse 
amplitude high the plate spacing would have to be high so 
that no bubbles could pass through two plates on the same 
upstroke. With the same product of pulse amplitude and 
pulse frequency, but with pulse frequency high and pulse 
amplitude low, the plates would have to be very close to­
gether to allow the last drop formed to rise to the plate 
above and coalesce. The pulse frequency could be increased 
to the point that the plates would need to be even closer 
together than the height of the pulse amplitude. In a case 
like this it would be impossible to design a column to 
operate in the mixer-settler region. 
The low frequency part of the curves presented in Figures 
11 through 13 are the only ones that even approximate mixer-
6o 
settler operation. Bubble size calculations have been made 
for all these pulse amplitudes, pulse frequencies, and per­
foration diameters. The assumption was made, however, that 
the plate spacing was variable and that all operation was 
in the mixer-settler region. The bubble size at incipient 
flooding from the best fit curves in Figure 10 were used as 
the starting point for each calculation. These data are 
presented along with the experimental data in Tables 5 
through 24. Only the first few points of each curve should 
be close to agreement since these are the only points in the 
mixer-settier region. 
The irregularities occur in the calculated data at 
approximately the same places as in the experimental data. 
Since interfacial tension affects bubble size, it is 
possible in actual column design that the optimum conditions 
will not be realized with even plate spacing. The inter-
facial tension will vary as extraction proceeds. This means 
that the bubbles formed at one end of the column under 
identical conditions of pulse amplitude, pulse frequency, 
and perforation diameter will not be the same size as those 
formed at the other end of the column. If the bubbles are 
not the same size, then the rise time will also be different 
so that the plate spacing must be varied. The optimum column 
design then must have variable plate spacing with constant 
perforation diameter or variable perforation diameter to 
cause the bubbles formed to be the same size in each stage. 
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CONCLUSIONS AND RECOMMENDATIONS 
The physical sizing of a pulse column is a function of 
a large number of variables. A very important one of these 
variables is the bubble size of the dispersed phase. Bubble 
size is, in turn, dependent on many variables. It is depend­
ent on pulse frequency, pulse amplitude, perforation diam­
eter, plate spacing, flow conditions, and other physical 
properties of the system not considered in this investiga­
tion. The results obtained in this investigation of the 
effect of the different pulse column variables on bubble 
size may be summarized as follows : 
1. Effect of pulse column variables on bubble size at 
incipient flooding: 
A. Bubble size increases with an increase in the : 
pulse amplitude. 
B. Bubble size increases with an increase in the 
pulse frequency. 
C. Bubble size increases with an increase in per­
foration diameter. 
D. Bubble size increases with an increase in 
Reynolds number. 
2. Effect of pulse column variables on bubble size 
under recycle conditions : 
A. Bubble size decreases with an increase in pulse 
amplitude. 
B. Fewer irregularities in bubble size are observed 
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at higher flow rates. 
C. Bubble size decreases with an increase in pulse 
frequency, with the exception of a few irregu­
larities at low flow rates. 
D. Bubble size increases with an increase in per­
foration diameter. 
3. Bubble size can have a desirable effect on the 
extraction rate. 
If the bubble size is known at incipient flooding con­
ditions the bubble size under recycle conditions can be 
calculated so long as the dispersed phase does not wet the 
plates of the column, mixer-settler operation is insured, 
and an equal volume of liquid flows through each perforation. 
Since pulse columns are often used with radioactive materials 
the diameter of the column may be set by criticality con­
siderations if fissionable material is present. The product 
of the pulse amplitude and pulse frequency is set by the 
throughput requirements. The number of ideal stages re­
quired is set by the desired concentration of the product 
stream. The only variables not set in the column design 
thus far are perforation diameter, plate spacing, and the 
individual values of the pulse amplitude and pulse frequency. 
In many cases the height of the column will be designated 
because of space available or criticality limits. A work­
able conbination of pulse amplitude, pulse frequency, per­
foration diameter, and plate spacing may be selected by 
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employing the calculation methods outlined in this investi­
gation. 
All of the variables that may affect bubble size were 
not considered in this study. The degree to which the dis­
persed phase wets the plate material could be a very impor­
tant variable. The effect of one bubble on another when 
they form simultaneously from adjacent perforations would 
help in the determination of the most desirable amount of 
free, area under a given set of conditions. The decrease in 
. rise velocity due to the presence of many bubbles in a small 
chamber would improve the accuracy of the plate spacing 
. * calculations. These variables and many others must be stud­
ied before a pulse column can be completely designed at the 
desk and drawing board. 
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APPENDIX 
Table 3. Experimental data for simulated incipient flooding runs 
Perf. 
diam. 
(in.) 
Amp. 
(in.) 
System Data 
source 15 
Frequency (cycles/min.) 
.25' 35 45 55 65 
Bubble diameter (mm.) 
75 85 ; 
0.033 0.25 B Exp. 2.24 2.23 2.37 2.53 2.72 2.66 2.98 3.06 
0.033 0.2 5 B Curve 2.20 2.26 2.35 2.46 2.58 2.72 2.85 2.99 
0.033 0.35 B Exp. 2.30 2.18 2.39 2.75 2.87 3.05 3.20 3.23 
0.033 0.35 B Curve 2.24 2.35 2.51 2.69 2.89 3.08 3.28 3.49 
0,0625 0.25 B Exp. 3.55 3.43 3.44 3.39 3.45 3.65 3.65 3.87 
0.0625 0.25 B Curve 3.59 3.43 3.41 3.45 3.51 3.57 3.66 3.74 
0.0625 0.35 B Exp. 3.55 3.39 3.39 3.61 3.70 3.68 3.93 4.00 
0.0625 0.35 B Curve 3.46 3.41 3.47 3.56 3.67 3.79 3.91 4.03 
0.125 0.25 B Exp. 4.09 4.84 4.99 5.53 5.62 5.61 6.72 5.87 
0.125 0.25 B Curve 4.19 4.66 5.06 5.34 5.54 5.66 5.74 5.77 
0.125 0.35 B Exp. 4.59 4.98 4.97 5.23 5.63 5 .46 5.79 5.59 
0.125 0.35 B Curve 4.46 5.06 5.43 5.64 5.75 5.77 5.75 5.68 
0.033 0.25 C Exp. 2.52 2.77 3.20 2.94 3.51 3.93 3.96 4.33 
0.033 0.25 C Curve 2.47 2.82 3.07 3.33 3.63 3.96 4.30 4.66 
0.033 0.35 c Exp. 2.65 3.04 3.70 4.54 4.63 4.70 5.53 6.02 
Table 3• (Continued) 
Perf. 
diam. 
(in.) 
Amp. 
( in.) 
System Data 
source 15 
0.033 0.35 C Curve 2.71 
0.0625 0.2 5 C Exp. 4.77 
0.0625 0.2 5 C Curve 4.65 
0.0625 0.35 c Exp. 4.66 
0.0625 0.35 c Curve 5.00 
0.033 0.25 D Exp. 2.64 
0.033 0.25 D Curve 2.63 
0.033 0.35 D Exp. 2.53 
0.033 0.35 D Curve 2.74 
0.0625 0.25 D Exp. 5.30 
0.0625 0.25 D Curve 5.14 
0.0625 0.35 D Exp. 4.94 
0.0625 0.35 D Curve 5.13 
0.033 0.25 E Exp. 2.38 
0.033 0.25 E Curve 2.32 
Frequency (cycles/min,) 
25 35 45 55 65 75 85 
Bubble diameter (mm.) 
3.07 3.45 3.89 4.37 4.88 5.41 5.94 
5.25 5.95 5.15 6.15 5.51 6.33 6.53 
5.13- 5.37 5.64 5.97 6.33 6.74 7.17 
5.08x 6.01: 7.01 7.47 7.61 8.35 8.68 
5.37 5.77, 6.26 6.82 7.43 8.08 8.75 
3.17 3.49 3.95 4.52 4.57 4.49 5.31 
2.91 3.39 3.80 4.12 4.36 4.53 4.64 
3.34 3.58 3.48 4.51 4.81 4.29 4.84 
3.39 3.94 4.32 4.56 4.69 4.75 4.74 
4.84 5.31 5.33 5.27 5.18 5.12 5.36 
5.15 5.23 5.34 5.43 5.52 5.59 5.66 
5.49 5.70 5.83 6.19 5.64 5.64 6.10 
5.23 5.37 5.50 5.61 5.70 5.78 5.86 
2.45 2.56 2.55 2.65 2.72 2.63 2.79 
2.52 2.49 2.48 2.52 2.61 2.75 2.91 
Table 3. (Continued) 
Perf. 
diam. 
(in.) 
Amp. 
(in.) 
System Data 
source 15 
Frequency (cycles/min.) 
25 35 45 55 65 
Bubble diameter (mm.) 
75 85 
0.033 0.35 E Exp. 2.42 2.42 2.54 2.59 2.59 3.17 3.14 3.83 
0.033 0.35 E Curve 2.50 2.49 2.49 2.59 2.78 3.03 3.32 3.65 
0.0625 0.25 E Exp. 4.01 3.94 3.94 3.8? 3.92 3.99 4.06 4.13 
0.0625 0.25 E Curve 4.01 3.96 3.91 3.90 3.92 3.97 4.04 4.12 
0.0625 0.35 E Exp. 3.98 3.93 3.96 3.98 4.01 4.04 4.2 6 4.6o 
0.0625 0.35 E Curve 3.99 3.91 3.90 3.96 4.05 4.18 4.32 4.48 
Table 4. Constants for third degree polynomial used In Reynold's number 
vs. average bubble diameter plots 
System Perforation diameter 
(in.) 
a b 0 e 
B 0.033 0.0019 5.6516 -4.9817 1.5173 
B 0.0625 6.4710 -2.5991 -0.1738 0.3787 
B 0.125 32.8026 -48.2858 26.1110 -4.4518 
C 0.033 -19.4417 41.6697 -26.8848 5.98?? 
C 0.0625 -49.5770 88.34O4 -48.3362 8.9736 
D 0.033 34.2660 -61.1241 37.8610 7.3570 
D 0.0625 13.4395 -12.4461 5.8600 -0.8309 
E 0.033 -20.4826 47.2125 -32.1342 7.2462 
E 0.0625 -7.4199 21.6594 -13.4870 2.7492 
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Table 5• Experimental and theoretical bubble size data 
System B: Hexone - acetic acid - water 
Pulse amplitude = 0.25 in. 
Plate spacing = 2 in. 
Incipient flooding frequency = 15 cycles/min. 
Perforation diameter = 0.0625 in. 
Bubble size at simulated incipient flooding = 0.359 cm. 
Pulse frequency Experimental dvs 
(cm. ) 
Theoretical dyg 
for mixer-settler 
operation 
(cm. ) 
(cycles/min.) 
15 0.335 0.359 
25 0.308 0.314 
35 0.295 0.261 
45 0.279 0.328 
55 0.23 6 0.307 
65 0.225 0.290 
75 0.212 0.277 
85 0.187 0.265 
Table 6. Experimental and theoretical bubble size data 
System B: Hexone - acetic acid - water 
Pulse amplitude = 0.25 In. 
Plate spacing - 2 in. 
Incipient flooding frequency = 25 cycles/min. 
Perforation diameter = 0.0625 in. 
Bubble size at simulated incipient flooding = 0.343 cm. 
Pulse frequency 
(cycles/min.) 
Experimental dvs 
(cm. ) 
Theoretical dvs 
for mixer-settler 
operation 
(cm.) 
25 0.347 0.343 
35 0.302 0.336 
45 0.265 0.303 
55 0.249 0.2.61 
65 0.231 0.344 
75 0.225 0.328 
85 0.202 0.314 
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Table 7. Experimental and theoretical bubble size data 
System B: Hexone - acetic acid - water 
Pulse amplitude = 0.25 in. 
Plate spacing = 3 in. 
Incipient flooding frequency = 15 cycles/min. 
Perforation diameter = 0.033 in. 
Bubble size at simulated incipient flooding = 0.220 cm. 
Pulse frequency Experimental dVs Theoretical dvs 
(cycles/min.) (cm.) for mixer-settler 
operation 
(cm.) 
15 0.212 0.220 
25 0.193 0.217 
35 0.129 0.177 
45 0.126 0.225 
55 0.128 0.210 
65 0.120 0.199 
75 0.109 0.190 
85 0.111 0.182 
Table 8. Experimental and theoretical bubble size data 
System B: Hexone - acetic acid - water 
Pulse amplitude = 0.25 in. 
Plate spacing = 3 in. 
Incipient flooding frequency = 25 cycles/min. 
Perforation diameter = 0.033 in. 
Bubble size at simulated incipient flooding = 0.226 cm. 
Pulse frequency Experimental dvs Theoretical dvs 
(cycles/min.) (cm.) for mixer-settler 
operation 
(cm.) 
25 0.212 0.226 
35 0.179 0.230 
45 0.125 0.203 
55 0.134 0.249 
65 0.125 0.236 
75 0.119 0.225 
85 0.104 0.216 
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Table 9. Experimental and theoretical bubble size data 
System B: Hexone - acetic acid - water 
Pulse amplitude = 0.25 in. 
Plate spacing = 3 in. 
Incipient flooding frequency = 35 cycles/min. 
Perforation diameter = 0.033 in. 
Bubble size at simulated incipient flooding = 0.235 cm. 
Pulse frequency 
(cycles/min.) 
Experimental dvs 
(cm.) 
Theoretical dvs 
for mixer-settier 
operation 
(cm.) 
35 0.201 0.235 
45 0.145 0.237 
55 0.131 0.217 
65 0.113 0.264 
75 0.112 0.252 
85 0.097 0.241 
Table 10. Experimental and theoretical bubble size data 
System B: Hexone - acetic acid - water 
Pulse amplitude = 0.25 In. 
Plate spacing = 3 in. 
Incipient flooding frequency = 45 cycles/min. 
Perforation diameter 
Bubble size at simulated incipient flooding = 0.246 cm. 
Pulse frequency 
(cycles/min.) 
Experimental dvs 
(cm. ) 
Theoretical dvs 
for mixer-settler 
operation 
(cm.) 
45 0.191 0.246 
55 0.137 0.239 
65 0.101 0.212 
75 0.105 0.274 
85 0.099 0.262 
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Table 11. Experimental and theoretical bubble size data 
System B: Hexone - acetic acid - water 
Pulse amplitude = 0.35 In. 
Plate spacing = 3 In. 
Incipient flooding frequency = 15 cycles/min. 
Perforation diameter = 0.033 in. 
Bubble size at simulated incipient flooding = 0.224 cm. 
Pulse frequency Experimental dvs Theoretical dvs 
(cycles/min.) (cm. ) for mixer-settler 
operation 
(cm.) 
15 0.201 0.224 
25 0.177 0.203 
35 0.155 0.209 
45 0.103 0.252 
55 0.109 0.235 
65 0.103 0.223 
75 0.099 0.212 
85 0.093 0.203 
Table 12. Experimental and theoretical bubble size data 
System B: Hexone - acetic acid - water 
Pulse amplitude = 0.35 in. 
Plate spacing =3 In. 
Incipient flooding frequency = 25 cycles/min. 
Perforation diameter = 0.033 In. 
Bubble size at simulated incipient flooding = 0.235 cm. 
Pulse frequency 
(cycles/min.) 
Experimental dvs 
(cm.) 
Theoretical dvs 
for mixer-settler 
operation 
(cm.) 
25 0.182 0.235 
35 0.135 0.212 
45 0.095 0.231 
55 0.103 0.285 
65 0.099 0 .264 
75 0.099 0.252 
85 0.098 0.241 
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Table 13. Experimental and theoretical bubble size data 
System A: Hexone - acetic acid - water 
Pulse amplitude = 0.25 in. 
Plate spacing = 3 in. 
Incipient flooding frequency = 15 cycles/min. 
Perforation diameter = 0.0625 in. 
Bubble size at simulated incipient flooding = 0.359 cm. 
Pulse frequency 
(cycles/min.) 
Experimental dVs 
(cm.) 
Theoretical dvs 
for mixer-settler 
operation 
(cm.) 
15 0.281 0.359 
25 0.245 0.314 
35 0.250 0.261 
45 0.250 0.328 
55 0.231 0.307 
65 0 .166 0.290 
75 0.150 0.277 
85 0.14 5 0.265 
Table 14. Experimental and theoretical bubble size data 
System A: Hexone - acetic acid - water 
Pulse amplitude =0.25 in. 
Plate spacing = 3 in. 
Incipient flooding frequency = 25 cycles/min. 
Perforation diameter = 0.0625 in. 
Bubble size at simulated incipient flooding = 0.343 cm. 
Pulse frequency 
(cycles/min.) 
Experimental dvs 
(cm.) 
Theoretical dvs 
for mixer-settler 
operation 
(cm.) 
25 0.306 0.343 
35 0.293 0.336 
45 0.244 0.303 
55 0.149 0.261 
65 0.218 0.344 
75 0.159 0.328 
85 0.148 0.314 
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Table 15. Experimental and theoretical bubble size data 
System A: Hexone - acetic acid - water 
Pulse amplitude = 0.25 in. 
Plate spacing = 3 in. 
Incipient flooding frequency = 35 cycles/min. 
Perforation diameter = 0.0625 in. 
Bubble size at simulated incipient flooding = 0.341 cm. 
Pulse frequency 
(cycles/min.) 
Experimental dvs 
(cm.) 
Theoretical dvs 
for mixer-settler 
operation 
(cm.) 
35 0.267 0.341 
45 0.237 0.345 
55 0.225 0.319 
65 0.196 0.292 
75 0.166 0.366 
85 0.121 0.352 
Table 16, Experimental and theoretical bubble size data 
System A: Hexone - acetic acid - water 
Pulse amplitude = 0.25 in. 
Plate spacing = 3 in. 
Incipient flooding frequency = 4-5 cycles/min. 
Perforation diameter = 0.0625 in. 
Bubble size at simulated incipient flooding = 0.345 cm. 
Pulse frequency 
(cycles/min.) 
Experimental dvs 
(cm.) 
Theoretical dvs 
for mixer-settler 
operation 
(cm.) 
45 0.255 0.345 
55 0.226 0.351 
65 0.205 0.330 
75 0.173 0.305 
85 0.152 0.265 
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Table 17. Experimental and theoretical bubble size data 
System A: Hexone - acetic acid - water 
Pulse amplitude = 0.25 In. 
Plate spacing = 3 in. 
Incipient flooding frequency = 55 cycles/min. 
Perforation diameter = 0.0625 in. 
Bubble size at simulated incipient flooding = 0.351 cm. 
Pulse frequency 
(cycles/min.) 
Experimental dvs 
(cm.) 
Theoretical dvs 
for mixer-settler 
operation 
(cm.) 
55 0.277 0.351 
65 0.200 0.355 
75 0.173 0.336 
85 0.091 0.314 
Table 18. Experimental and theoretical bubble size data 
System A: Hexone - acetic acid - water 
Pulse amplitude = 0.35 in. 
Plate spacing = 3 in. 
Incipient flooding frequency = 15 cycles/min. 
Perforation diameter = 0.0625 in. 
Bubble size at simulated incipient flooding = 0.346 cm. 
Pulse frequency Experimental dvs Theoretical dys 
(cycles/min.) (cm.) for mixer-settier 
operation 
(cm.) 
15 0.262 0.346 
25 0.259 0.298 
35 0.159 0.313 
45 0.204 0.260 
55 0.172 0.343 
65 0.181 0.324 
75 0.102 0.309 
85 0.122 0.297 
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Table 19. Experimental and theoretical bubble size data 
System A: Hexone - acetic acid - water 
Pulse amplitude = 0.35 in. 
Plate spacing = 3 in. 
Incipient flooding frequency = 25 cycles/min. 
Perforation diameter = 0.0025 In. 
Bubble size at simulated incipient flooding = 0.341 cm. 
Pulse frequency 
(cycles/min.) 
Experimental dvs 
(cm.) 
Theoretical dvs 
for mixer-settler 
operation 
(cm. ) 
25 0.283 0.341 
35 0.258 0.325 
45 0.202 0.345 
55 0.38 0.325 
65 0.135 0.259 
75 0.117 0.367 
85 0.095 0.352 
Table 20. Experimental and theoretical bubble size data 
System B: Hexone - acetic acid - water 
Pulse amplitude = 0.25 in. 
Plate spacing = 4 in. 
Incipient flooding frequency = 15 cycles/min. 
Perforation diameter = 0.0625 in. 
Bubble size at simulated Incipient flooding = 0.359 cm. 
Pulse frequency 
(cycles/min.) 
Experimental dvg 
(cm.) 
Theoretical dvs 
for mixer-settler 
operation 
(cm.) 
15 0.320 0.359 
25 0.298 0.314 
35 0.246 0.261 
45 0.229 0.328 
55 0.202 0.307 
65 0.193 0.290 
75 0.154 0.277 
85 0.153 0.265 
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Table 21. Experimental and theoretical bubble size data 
System B: Hexone - acetic acid - water 
Pulse amplitude = 0.25 in. 
Plate spacing = 4 in, 
Incipient flooding frequency = 25 cycles/min. 
Perforation diameter = 0.0025 in. 
Bubble size at simulated incipient flooding = 0.343 cm. 
Pulse frequency 
(cycles/min.) 
Experimental dvs 
(cm. ) 
Theoretical dvs 
for mixer-settler 
operation 
(cm. ) 
25 0.296 0.343 
35 0.245 0.336 
45 0.204 0.303 
55 0.203 0.261 
65 0.163 0 .344 
75 0.164 0.328 
85 0.158 0.314 
Table 22. Experimental and theoretical bubble size data 
System C: n-Heptane - water 
Pulse amplitude = 0.25 In. 
Plate spacing = 3 in. 
Incipient flooding frequency = 15 cycles/min. 
Perforation diameter = 0.033 in. 
Bubble size at simulated incipient flooding = 0.247 cm. 
Pulse frequency 
(cycles/min.) 
Experimental dvs 
(cm. ) 
Theoretical dvs 
for mixer-settler 
operation 
(cm.) 
15 0.235 0.24? 
25 0.210 0.274 
35 0.204 0.245 
45 0.206 0.225 
55 0.190 0.210 
65 0.175 0.199 
75 0.l60 0.190 
85 0.142 0.182 
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Table 23. Experimental and theoretical bubble size data 
System C: n-Heptane - water 
Pulse amplitude = 0.25 in. 
Plate spacing = 3 In. 
Incipient flooding frequency = 25 cycles/min. 
Perforation diameter = 0.033 in. 
Bubble size at simulated incipient flooding = 0.282 cm. 
Pulse frequency 
(cycles/min.) 
Experimental dvs 
(cm*) 
Theoretical dvs 
for mixer-settler 
operation 
(cm.) 
25 0.206 0.282 
35 0.208 0.290 
45 0.203 0.266 
55 0.198 0.249 
65 0.197 0.236 
75 0.173 0.225 
85 0.167 0.216 
Table 24. Experimental and theoretical bubble size data 
System D: Benzene - water 
Pulse amplitude = 0.25 in. 
Plate spacing = 3 in. 
Incipient flooding frequency = 25 cycles/min. 
Perforation diameter = 0.033 In. 
Bubble size at simulated incipient flooding = 0.291 cm. 
Pulse frequency 
(cycles/min.) 
Experimental dvs 
(cm. ) 
Theoretical dvs 
for mixer-settler 
operation 
(cm.) 
25 0.244 0.291 
35 0.216 0.290 
45 0.191 0.266 
55 0.192 0.249 
65 0.180 0.236 
75 0.165 0.225 
85 0.153 0.216 
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Table 25. Experimental bubble size data 
System A: Hexone - acetic acid - water 
Pulse amplitude = 0.45 in. 
Plate spacing = 3 in. 
Incipient flooding frequency = 15 cycles/min. 
Perforation diameter = 0.0625 in. 
Pulse frequency 
(cycles/min.) 
Experimental dvs 
(cm. ) 
15 0.251 
25 0.258 
35 0.165 
45 0.145 
55 0.126 
65 0.090 
75 0.091 
85 0.099 
Table 26. Experimental bubble size data 
System A: Hexone - acetic acid - water 
Pulse amplitude = 0.45 in. 
Plate spacing =3 in. 
Incipient flooding frequency = 25 cycles/min. 
Perforation diameter = 0.0625 in. 
Pulse frequency Experimental dvs 
(cycles/min.) (cm.) 
25 0.274 
35 0.081 
45 0.097 
55 0.086 
65 0.087 
75 0.067 
85 0.069 
so 
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Method of Bubble Size Correlation 
If the bubbles are considered as spheres, then 
S# = area per unit weight = specific surface 
p 
the area of a sphere = 7? d 
d = diameter 
the weight of a sphere = (density)(volume) = 
pjra3 
P= density 
S = 7T d^  = 6 
p 7Td3 P d 
P
~T~ 
therefore 
d = 6 
then 
P sw  
If y = weight per cent of particles of diameter d 
and specific surface S'w 
n = number of drops having diameter d 
y = nd3 
Xnd3 
and 
Sw = 2-yS' w = End^ S1 w 
Snd3 
Now let 
dyg = diameter of a sphere having the average 
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specific surface S w 
dvs — 
SnP 
dvs pZy s1 w 
dvs = ^  
P J£nd3s' w 
since 
d  = 6  2 n d 3  
vs — 
P Znd3 _6_ 
pd 
dvs = 
End2 
This method will then give the volume to surface rela­
tionship for spheres. In the calculation of individual drop 
diameters, however, it was more convenient to convert the 
oblate spheroids to spheres of equal volume by the following 
relationship : 
the volume of an oblate spheroid = w2h 
5 
w = major axis 
h = minor axis 
the volume of a sphere = d3 
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setting the two equal 
ftd3 = TTw^ h 
d3 = w2h 
d = (w2h) 
This diameter was then used to determine the volume to 
surface diameter. The error due to this method of calculation 
can be evaluated in the following manner: area of oblate 
spheroid = 2 7T a2 + 7T b2 In 1+e 
e 1-e 
a = 1/2 semimajor axis 
b = 1/2 semiminor axis 
e = eccentricity = (a2-b2)^ 2^ 
a 
the logarithmic term can be expressed as an infinite series 
In 1+e = 2 
1-e 
e+& 
. 3 
•e3 + + eZ + • • .I 
5 7 J 
then 
47TB2 = 2 TT a2 + 7CbZ2 f e+e3 + e^  + e7 + . . . 
e L 3 5 7 
R = radius of sphere of equal surface to the oblate 
spheroid 
É 
2 
R2 = a2 + b2 il+e2 + e^  + e£ + . . . 
let 
r = radius of sphere of equal volume to the oblate 
spheroid and it has been shown that 
d = (w2h) 1/3 
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so 
r = (a2b)1^  
How let 
C = R 
r 
then, neglecting .§£ and higher powers 
7 
C 2  =  _ a +  _ b ^2 
2b2/3 2a^  ^
1+e2 + e^  
202 = (I)2/3 + (5)V3 [1+#+ # 
2C2 = /a\ 2/^  + /^3 + zbx^ /^  a2-b2 + /b\^ /3 
\V V 'aJ 3&2 a 
let 
then 
& 2-b£72 
5a* 
a = g 
b 
2C = (1) 
2/3 • Ô)V3 + (|)V3 
|a2-
3a' 
+ (94/3 
[• a2-a2 
5 a 
2C2 = a> 
.b' 
r i-i " 
2/3 + ^ /3 + /b\4/3 I  ^J + © © 4/3 
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1-1 
Jdi 
2C2 = g2+ g-^ /3 + l-g"2 + g~^ /3 
3 
1-23-2 + g-^  
2C2 = g2/3 + e-4/3 + ^ -4/3 _ -^10/3 + g-V3 _ g & 
2. 
-10/3 + E-16/3 
2C= = g2/3 + aig-4/3 _ llg-10/3 + lg-16/3 
15 15 5 
20 2 = g0.667 + i.53g~l»333 _ o.733g-3,333 + 
0.2g--5 *333 
This correction was applied to calculations of bubble 
diameters from several of the pictures which contained bubbles 
with the greatest deviation from spheres. The error in actual 
bubble diameter due to conversion to spheres of equal volume 
was found to be less than 1 per cent. An error of this size 
would be less than the experimental error, so with this 
justification the conversion of all bubbles to spheres of 
equal volume was used. 
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Bubble Size Calculations 
Plow conditions: 
1. Incipient flooding at 15 cycles/min. 
2. Equal flow rates for the two phases 
3. Column cross sectional area is 39.396 cm2 
4. Pulse amplitude is 0.25 in. 
5. Perforation diameter is 0.0625 In. 
6. Plate spacing is variable, but is always such that 
mixer-settler operation is realized. 
7. System B 
8. Number of perforations per plate is 417 
At pulse frequency of 15 cycles/min.: 
A. Holdup = (36.396 cm2)(2,54 cm/in.)(0.25 In.) = 
23.11 cm3 
B. Number of bubbles that would be formed if all bubbles 
were the size of those formed at incipient flooding = 
23.11 cm3 = 987 
0.02422 cm3 
C. Number of bubbles of this size produced per perfora­
tion = 987 bubbles = 2.367 
4-17 perforation 
Since partial bubbles don't form under incipient 
flooding conditions only (2)(417) or 834 bubbles are 
produced, 
D. dvs 1 (0.02422 cm3) = 0.359 cm. 
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At pulse frequency of 25 cycles/min.: 
A. Holdup = (23.11 cm^ ) 15 cycles/mln. = 13.8? cm3 
25 cycles/min. 
B. Number of bubbles = 11.8? cm3 = 656 
0.02113 cm-5 
C. Number of bubbles per perforation = 656 bubbles 
41? perforations 
= 1.573 
Then 417 bubbles with a volume of 0.02113 cm3 are 
formed and 417 with a volume of (0.02113 c m 3 )(0 . 5 7 3 )  
or 0.01211 cm3. 
D. dvs  for large bubbles *=-?/ 6 (0.02113 cm3) = 
V n 
0.343 cm 
dvs for small bubbles 6 (0.01211 cm3) = 
0.285 cm 
average dvS = 0.343 + 0.285 = 0.314 cm 
2 
At pulse frequency of 35 cycles/min.: 
A. Holdup = (23.ll cm3) 15 cycles/min. = 9.91 cm3 
35 cycles/mln. 
B. Number of bubbles = 9.91 cm3 = 478 
0.02075 cm3 
C. Number of bubbles per perforation = 478 bubbles 
417 perforations 
= 1.146 
Then 417 bubbles with a volume of 0*02075 cm3 are 
formed and 417 with a volume of (0.02075 cm3)(0.146) 
= O.OO303 cm3 
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D. d for large bubbles -^ / 6 (0.02075 cm^  = 0.341 cm 
VS V 7R 
dvS for small bubbles ~-\J & (0.00303 cm3) = 
0.180 cm 
average dyg = 0„34i + 0.180 = 0.261 cm 
2 
At pulse frequency of 45 cycles/mln.: 
A. Holdup = (23.11 cm3) 15 cycles/min. = 7.71 cm^  
45 cycles/min. 
B. Number of bubbles = 7.71 cm3 = 358 
0.02151 cm3 
Since this is less than the number of perforations, 
it is assumed that as many bubbles will be formed 
as there are perforations and will all have equal 
volume. 
C. Bubble volume = 7.71 cm3 = 0.01849 cnP 
417 
D. d =w>3/ 6 (0.01849 cm3) = 0.328 cm 
V n 
At pulse frequency of 55 cycles/min.: 
A. Holdup = (23.ll cm3) 15 cycles/mln. = 6.31 cm3 
55 cycles/min. 
B. Bubble volume = 6.31 cm3 = 0.01515 cm3 
417 
C. dvS =-?/£_ (0.01515 cm3) = 0.307 cm V 
Bubble Formation Time Calculations 
Flow conditions: 
1. Incipient flooding at 15 cycles/min. 
2. Equal flow rates for the two phases 
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3. Column cross sectional area Is 39.396 cm2 
4. Pulse amplitude is 0.25 In. 
5. Plate spacing is such that mixer-settler operation 
is realized. 
6. Perforation diameter is 0.0625 in. 
7. System B 
8. Number of perforations is 417 
Q = v (1-cos 2 7T ft) 
2 
t = 1_ cos-1f1-201 
2 7Î f  ^ v ' 
At pulse frequency of 25 cycles/min.: 
v = (39.396 cm2)(2.54 cm/in.)(0.25 in.) = 23.11 cm3 
v per perforation = 23.11 cm3 = 0.05542 cm3 
417 
f = (25 cycles/min.) 1 min./sec. = 0.4l67 cycles/sec. 
ZÔ 
Time of formation of first bubble 
= bubble volume = 0.02113 cm3 
t, = 1 cos"1 [l- (2)(0.02113 cm3) 
2 (0-4167) L 0.05542 cm3 J 
t1 = 0.3819 cos-1(0.2413) = (0.3819)(1.3269) = 0.507 sec. 
Qo = 0.01211 cm3 
+ Qg = 0.02113 + 0.01211 = 0.03324 cm3 
tx + t2 = 0.3819 cos"1 (1-1.1996) = (0.3819)(1.7717) 
+ t2 ~ 0-^ 77 sec. 
t2 = 0.170 sec. 
Time for one half cycle = 1 sec. = 1.200 sec. 
(2)(0.4167 cycles) 
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Time remaining of upstroke = 1.200 sec. - 0.677 sec. = 
0.523 sec. 
Volume remaining of upstroke = 0.05542 - 0.03324 = 
0.02218.cm3 
Plate Spacing Calculations 
Plow conditions: 
1. Incipient flooding at 15 cycles/min. 
2. Equal flow rates for the two phases 
3. Column cross sectional area is 39.396 cm2 
4. Pulse amplitude is 0.25 in. 
5. Perforation diameter is 0.0625 in. 
6. System B 
7. Number of perforations is 417 
At pulse frequency of 25 cycles/min.: 
Time required for one cycle = 2.4000 sec. 
Formation time for first bubble = 0.507 sec. 
Formation time for second bubble = 0.170 sec. 
Volume of first bubble = 0.02113 cm3 
Volume of second bubble = 0.01211 cm3 
Volume of liquid passing through a single perforation 
during each half cycle = 0.05542 cm3 
—S!— . (Be' )2 = Zdyggdf dys2 pz\xz = 2d^3^ g 
3/5 u2 yU 2 3/t2 
= (937,515) avs3 
Minimum plate spacing calculation 
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R' .  (He') 2  = (937,515)  (0 .34-3)3 = 37,782 
p u2 
From Figure 16, Se' = 34-2 
Be = (0.343)(1.0082)u = 30.4l98u 
.011368 
Terminal velocity = u = 342 = 11.242 cm/sec. 
30.4198 
Volume of upstroke remaining after formation of first 
bubble = 0.05542 - 0.02113 = 0.03429 cm3 
Time of upstroke remaining after formation of first 
bubble = 1.200 - 0.507 = 0.693 sec. 
Average mass velocity per perforation = 0.03429 = 
0.693 
0.04948 cm3 for remainder of upstroke 
sec. 
Average velocity in column = (0.04948)(417) = 0.524 cm/sec. 
39.396 
for remainder of upstroke 
Distance traveled by first bubble during upstroke equals 
minimum plate spacing = (0.524 + 11.242)(0.693) = 
8.154 cm = 3.21 inches 
Maximum plate spacing 
5' . (Re')2 = (937,515) (0.285)3 = 21703 
/2> U 2  
From Figure 16, Re' = 243 
Terminal velocity = u = 243 = 7.988 cm/sec. 
30.4198 
Volume of upstroke remaining after formation of last 
bubble = 0.05542 - 0.02113 - 0.01211 = 0.02218 cm3 
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Figure 16. Be1 versus (Be*)2 R1 for spherical particles 
/5u2 
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Time of upstroke remaining after formation of last 
bubble = 1.200 - 0.50? - 0.170 = 0.523 sec. 
Average velocity in column for remainder of upstroke 
CO.02218)(417) = 0.449 cm 
- (0.523)(39,396) sec. 
Distance traveled by last bubble during upstroke = 
(7.988 + 0.449)(0.523) = 4.413 cm 
Average velocity In columrufor downstroke = 
(0.05542)(417) = 0.489 cm/sec. 
(1.200)(39.346) 
Distance traveled by last bubble during downstroke = 
o  o  
.(7.988 - t).489) (1.200) = 8.999 cm 0 = 
Maximum plate spacing = 8.999 t 4.413 = 13.412 cm == 
° 
5.28 inches 
Calculation of Time Required"for a Bubble to 
Reach Terminal Velocity 
Plow conditions : 
1. Incipient flooding at 15 cycles/min. 
2. Equal flow rates of the two phases 
3. Column cross-sêctional«area is 39.396 cm2 
4. Pulse amplitude is 0.25 In. 
5. Perforation diameter is 0.0625 in. 
6. Plate spacing is between 3.21 in. and 5.28 in. 
7. System B 
8. Number of perforations is 417 
9. Actual pulse frequency is 25 cycles/min. 
10. Calculations made on first bubble formed 
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me 
dHe 
h DP *P S + 3a Re2 
X Ps 2D2 Ps pu2 
fBeP 
dHe 
Te^  2D p a/o g 
X Ps 
3^ 2 
dHe 
TgHo.Wi (1,0082) (0.1840) (9§OT 
(0.008463) (0.8242) 
(342)(5.593)(10~5) = 0.0191 sec. 
